The ionic specificity of IAA-induced acidification by Avena coleoptiles was studied, using zwitterionic, presumably impermeant buffers. The Hydrogen ions have been proposed to be the second messenger in auxin-induced cell elongation (8, 12, 28 ). An IAA-dependent acidification by auxin-sensitive tissue has been observed (9, 23, 26) and Avena coleoptiles and dicot stems will grow in the absence of auxin at reduced pH (2, 27, 31). The IAA-induced acidification of several pH units is sufficient to cause maximal growth (26); thus, acidification has been implicated in auxin action. According to this acid growth theory (16, 27, 29) , auxin stimulates cells to excrete HI; the resulting decrease in wall pH causes cell wall loosening and, therefore, cell elongation.
Hydrogen ions have been proposed to be the second messenger in auxin-induced cell elongation (8, 12, 28 ). An IAA-dependent acidification by auxin-sensitive tissue has been observed (9, 23, 26) and Avena coleoptiles and dicot stems will grow in the absence of auxin at reduced pH (2, 27, 31) . The IAA-induced acidification of several pH units is sufficient to cause maximal growth (26) ; thus, acidification has been implicated in auxin action. According to this acid growth theory (16, 27, 29) , auxin stimulates cells to excrete HI; the resulting decrease in wall pH causes cell wall loosening and, therefore, cell elongation.
We have investigated the mechanism by which coleoptiles acidify their bathing solution. There are only two ways to generate this large HI flux and maintain electroneutrality: (a) opposite flux of a cation ("cation exchange") or (b) parallel anion flux ("acid secretion"). If IAA-induced acidification is a cation exchange process, acidification should be dependent on the salt composition of the external solution. Acid secretion need not be dependent on the external salts. We have examined the cationic requirements of IAA-induced acidification in this paper and present evidence for a Ca2+-hydrogen ion exchange as the mechanism for acidification by Avena coleoptiles.
A preliminary report of our work has previously appeared (10) . Thimann (32) also had noted that 1 mm MnCl2 stimulated the acidification which accompanied IAA-induced growth in coleoptiles. These results were noted after prolonged incubation periods.
MATERIALS AND METHODS
Plant Material. Seeds of Avena sativa L. cv. Rodney were surface-sterilized in 1% NaOCl, rinsed, soaked in tap water for 15 min, and then sown on distilled H20-rinsed vermiculite. Seedlings were grown in total darkness for 5 days at 25 C and ' This work was supported in part by National Science Foundation Grant BMS 74-19470 to K.D.N.
were excised under dim light. After removal of the primary leaf, the coleoptiles were peeled (epidermis and cuticle removed) on an ice-cold glass plate and 10-mm sections were cut from each segment (26) .
Acidification Assay. Sections were incubated in ice-cold distilled H20 for at least 1 hr. Following this incubation period, the sections were distributed among the various beakers or subjected to further pretreatment (see "Acid Pretreatment," below). All assays were carried out for 2 hr at room temperature (22 C) in 10-ml beakers containing 2. (26) and Cleland (9) . With coleoptile sections placed in an IAA-containing solution of MES and only one available cation, solutions containing Ca or K ions supported substantial acidification (Table I ). The tissue acidified essentially as well in potassium phosphate as in K+-MES, indicating the primary importance of only the cation in acidification. Ca2+-MES was significantly more effective than either potassiumcontaining buffer solution, whereas Na+-or NH4+-MES permitted no more acidification than solutions without IAA.
Since phosphate and MES mildly chelate polyvalent cations and since the previous experiments were not performed in the presence of equimolar cation concentrations, acidification was measured in several other buffer systems supplemented with various chloride salts ( Table II) . As before, divalent cations enhanced IAA-induced acidification, while monovalent cations (including K+) did not support any net acidification over unsupplemented controls in these buffers. HEPES does not chelate divalent cations (15) . Acidification was greater in zwitterionic buffers containing divalent cations than in unsupplemented potassium phosphate buffer.
The stimulation of acidification by divalent cations only, not monovalent cations, is dependent on added IAA (Table III) . Calcium chloride stimulated acidification by acid-washed tissue only in the presence of IAA (Fig. 1) . A low Ca2+ concentration, such as 0.1 mm, elicited a marked acidification. Acidification saturated at 0.3 to 1 mm exogenous CaCI2 and was inhibited at higher concentrations. The apparent Km for the Ca2+-stimulated acidification was less than 0.1 mm. In the absence of IAA, CaCl2 did not elicit acidification at 1 mm (Tables III and VI) or higher (Fig. 1) concentrations. Similar data were obtained in 1 mM Na-IDA2 buffer, pH 6.5 (unpublished results).
A number of other di-and trivalent chloride salts were tested for effectiveness in supporting acidification. Although the data from repetitive trials showed rather large fluctuations in the magnitude of effect of some of the ions (Co2+ and Ba2+), the order of effectiveness remained constant. Data from one typical experiment of this type are shown in Table V . The acidification response was rather specific for Ca2+ and Sr2+; Mg2+ and Mn2+
were not as effective; other di-and trivalent cations were even less effective or inhibitory.
At optimal CaCl2 concentrations, additions of MgCI2 or MnCl2 had no significant effect on acidification (Table VI) . Only SrCl2 inhibited, and only at the highest concentration tested (1 mM). Similarly, K did not stimulate auxin-induced acidification over that obtained with saturating CaCl2 alone (Table VI) . When K was supplied along with limiting CaCl2 (0.1 mM), a slight stimulation was obtained but only at the highest K concentration (30 mM); supplemental K at limiting CaCl2 did not stimulate acidification above that obtained with optimal CaCl2 alone.
DISCUSSION
The acidification induced by IAA in peeled Avena coleoptiles is Ca2+-dependent. Ca2+ stimulated acidification when it was the only permeant cation provided (Tables I and II) . Acidification became dependent on Ca2+ in acid-washed tissue where Ca2+ was presumably the only permeant cation (Tables IV and V; Fig.   1 ). Physiological concentrations of other cations did not additionally stimulate acidification at optimal CaCI2 concentrations (Table VI) , nor did they enhance acidification under Ca2+ limited conditions. Zwitterionic buffers supplemented with Ca salts supported greater acidification than the dilute potassium phosphate buffers (Tables I and II) without Ca. IAA stimulated only the divalent cation-supported acidification (Table III) .
Our data are consistent with the hypothesis that IAA-induced acidification is a Ca2+-H+ exchange process. This Ca2+ effect does not appear to be another example of the long known polyvalent cation acceleration of ion uptake, the Viets effect (34 Ca2+ 2 Sr2+ > Mn2+, Mg2+ > Ni2+ = 0 for acidification Ca2+ > Mn2+ > Sr2+ > Ni2+ > Mg2+ = 0 for maintenance of membrane selectivity.
Ca2+-and IAA-dependent acidification exhibits three properties similar to those of transport of Ca2+ into mitochondria. Both
Ca2+ responses exhibit saturation kinetics with similar K," (30), have similar cationic specificities, and are inhibited by Sr2+ (6, 7) . These data suggest a direct involvement of Ca2+ in acidification and not one of the membrane stabilization effects described by Viets (34) and Epstein (13) . A number of investigators have proposed a K+-H+ exchange mechanism for IAA-induced acidification. Marre (24) noted a correlation between K+ uptake and acidification in pea stem tissue. KCI stimulated acidification while NaCl was less effective; LiCl or CsCl were ineffective or inhibitory. However, high KCI concentrations (50 mM) were employed and 0.5 mm CaCl2 was present throughout the experiments. We also report a promotive effect of high KCI but only in limiting CaCl2 (Table VI) . In our hands, low concentrations of KCI do not stimulate acidification. Since acidificaton is a Ca2+-requiring process, the acidification observed in dilute K-phosphate or K-MES buffers (Table I) , but only in these buffers, requires explanation. Two possibilities exist: (a) Ca2+ bound external to the cells is rendered more available by these mildly chelating buffers. The reduction of "nonspecific acidification" by the acid wash (Table IV) and the preliminary finding that acid-washed tissues do not acidify in dilute K+-phosphate are consistent with this explanation. The lack of acidification in Na+-or NH4+-MES implies a special role for K+ in Ca2+ availability as does the enhanced acidification observed only under Ca2+-limited conditions in the presence of unphysiologically high concentrations of KCI (Table VI) . (b) Alternatively, K+ may be required for the maintenance of turgor in these rapidly elongating cells. If K+ uptake in response to growth is more rapid than phosphate or MES uptake, then this differential absorption would itself generate a compensatory acidification (19) . The lack of acidification in IDA or HEPES buffers supplemented with KCl (Table II) rounding plant cells (25) . In the majority of these cases, acidification is assumed to be a secondary effect resulting from differential mineral uptake or control of cellular pH. IAA-induced acidification is unique in that it is proposed to be the primary response by which auxin elicits cell elongation (16, 26) . Consistent with this theory, Ca2+ enhances acidification and it has been reported also to enhance IAA-induced growth. Burstrom (4, 5) reported that CaC12 acted as a growth promoter in elongating wheat root cells as well as wheat coleoptiles. In root cells, growth was enhanced at 10 uM to 1 mM CaC12 at pH 7; at pH 5 or below, CaC12 had little effect on growth. In wheat coleoptiles 0.1 mm CaCl2 enhanced auxin-induced growth by 40% over a range of IAA concentrations. Bonner (3) and Thimann (32) reported that low concentrations of MnCl2 stimulated oat coleoptile elongation. CaC12 inhibited growth at concentrations greater than 2 mM (11) .
The presence of divalent cation-requiring ATPases in plasmalemma preparations from mung bean stems (20) (21) (22) and in cell wall preparations from barley roots (17) may be pertinent to the mechanism of Ca2+-and IAA-dependent acidification. Further investigations into the role of Ca21 in cell elongation are warranted.
